Nutrient Utilization by Bovine
Introduction
In vitro tissue engineering is considered a promising strategy in articular cartilage repair. After chondrocyte isolation and expansion, the cells are seeded in a three-dimensional scaffold, which is gradually replaced by newly formed extra cellular matrix ͑ECM͒. Eventually, the cartilage construct is required to possess mechanical functionality that enables it to withstand in vivo loading conditions postimplantation. Therefore, in order to promote matrix synthesis and to obtain sufficient quantities of organized ECM, a high cell density combined with a high cellular activity is advantageous ͓1,2͔. The high rate of nutrient utilization associated with these conditions, combined with the inherent limitations in diffusive transport in constructs of clinically relevant dimensions, raises the issue of adequate nutrient supply ͓3,4͔. Depending on the culture conditions, large gradients in cell viability and/or matrix deposition can arise between the periphery and center of the construct, leading to inferior functional properties, such as stiffness and permeability ͓5,6͔.
Numerous experimental studies have demonstrated the close relationship that exists between matrix synthesis and energy metabolism of chondrocytes ͓7-11͔. Proteoglycan synthesis has been shown to be affected by nutrition ͓3͔, pH ͓12͔, and oxygen ͓13-20͔. Quantification of the uptake and production of basic metabolites, such as glucose, oxygen, and lactate, is therefore important in order to evaluate whether a favorable environment for chondrogenesis exists within constructs and to optimize and design culture conditions and protocols. An additional issue is to what extent measured values are representative of specific culture conditions, given the large variability in metabolic rates and the dependence of cell source, culture conditions, and differentiation state ͓21͔. A complicating factor is the involvement of cellular regulation mechanisms resulting in large concentration dependencies of nutrient utilization. For example, the dependency of glucose uptake and lactate production on the oxygen concentration has been investigated in various studies. Depending on the culture conditions, a low oxygen level has been shown to increase ͓14,19,20,22͔, or decrease ͓8,11,16͔ glycolysis in articular chondrocytes. An alternative question, whether oxygen consumption is a function of glucose concentration, again revealed the dependence on the initial glucose concentrations ͓23͔. However, a conflict can arise between an accurate measurement of changes in concentration and constant culture conditions. As the composition of the culture medium changes over time, it is important not to rely solely on initial and end point measurements, but to determine concentrations to which cells are actually exposed and respond.
The objective of the present study is to characterize chondrocyte nutrient utilization under tissue engineering conditions by frequent, simultaneous, measurements of multiple metabolites. This approach could examine the relationship between the different metabolites and more specifically, to what extent cellular uptake and production is dependent on medium glucose level and cell concentration. A numerical model was developed based on diffusive transport and simple relationships for chondrocyte metabolism. The model was evaluated using experimental data for glucose, lactate, and oxygen concentrations which had been measured simultaneous during the early phase of culture. The numerical model provides an estimation of the spatial profile of glucose, lactate, and oxygen which is not provided during experimental monitoring.
Methods
The experimental protocols have been described in detail by Heywood ͓24͔. Briefly, the experimental setup, as shown in Fig. 1 , is based on a 96-well plate with an oxygen sensitive fluorphore embedded in a gas permeable matrix at the base of each well ͑Becton Dickinson Biosciences, Oxford, UK͒. The cell-seeded agarose constructs were formed by adding 65 L of 4% ultralow gelling agarose ͑type IX, SIGMA, Poole, UK͒, containing bovine articular chondrocytes at concentrations of 1.25, 2.5, 5, 10, 20, and 40ϫ 10 6 cell cm −3 , into individual wells. After the agarose had gelled, 200 L of either low glucose ͑LG͒ medium or high glucose ͑HG͒ medium was added to each well. The medium consisted of Dulbeccos Modified Eagles Medium ͑DMEM͒ containing 5.55 mM glucose in case of LG and 22.2 mM glucose in case of HG, supplemented with 16% ͑v/v͒ fetal calf serum, 2 M L-glutamine, penicillin ͑5 g mL −1 ͒, streptomycin ͑5 g mL −1 ͒, 20 M HEPES buffer and 0.85 M L-ascorbic acid ͑all from SIGMA, Poole, UK͒. The glucose concentrations in the supplemented media were 5.1 and 22 mM, based on experimental measurement. The well plates were placed in a standard humidified incubator at 5% CO 2 and 37°C. At 0.5, 1, 2, 4, 8, 12, 18, 24, 36 , and 48 h of incubation, three wells for both high and low glucose medium were sacrificed, the medium was homogenized and glucose and lactate assays were performed, according to Heywood ͓24͔. In parallel, using a separate plate prepared using the same cell isolation, the fluorescence intensity of each well was measured at the same time points to determine oxygen concentration, for six replicate specimens.
Theoretically, the experimental setup in Fig. 1 can be represented as a one-dimensional diffusion-uptake problem, in which a medium zone and an agarose zone containing the cells can be distinguished. The metabolite concentrations are governed by the solute mass balance including Fick's law for diffusion:
where c ␤ ͑mol m −3 ͒ is the solute concentration in the fluid phase, n f is the fluid volume fraction ͓-͔ ͑n f = 1 in the medium͒, D ͑m 2 s −1 ͒ is the effective diffusion coefficient and q ␤ ͑mol m −3 s −1 ͒ is a source term that represents cellular utilization or production ͑q ␤ = 0 in the medium͒. The number of different solutes taken into account was limited to the measured metabolites, glucose, lactate, and oxygen. To represent glucose uptake, a Michaelis-Menten relation was assumed for q glc in Eq. ͑1͒
where V glc ͑mol cell −1 s −1 ͒ is the maximum uptake rate, K m glc ͑mol m −3 ͒ is the half maximum rate concentration, and cell ͑cell m −3 ͒ is the cell density. It has been found that articular chondrocytes display a ratio of lactate production to glucose uptake close to the anaerobic ratio of 2:1, even under aerobic conditions ͓8,16͔. Therefore, the initial assumption of the model was that the lactate production q lac in Eq. ͑1͒ could be based on this stoichiometric ratio, which follows from the anaerobic metabolic mass balance with only glucose as input ͓25͔
However, lower lactate to glucose ratios, approximately 1.6-1.7, have been found in bioreactor studies and it is well established that in principle chondrocytes can use both anaerobic and aerobic metabolic pathways ͓9,13,14͔. Therefore, in addition to the purely anaerobic case in Eq. ͑3͒, a second approach was considered, in which it was assumed that all oxygen uptake is fully used to break down glucose aerobically. Extending the metabolic mass balance Eq. ͑3͒ with oxygen gives ͓25͔
where q ox is the oxygen uptake rate. For this purpose the oxygen uptake rate has to be determined. As a first step a MichaelisMenten relation was assumed for q
where V ox ͑mol cell −1 s −1 ͒ is the maximum oxygen uptake rate and K m ox ͑mol m −3 ͒ is the half maximum rate concentration. However, simple uptake and diffusion alone cannot account for the time course of the measured oxygen level ͑Results section͒. Therefore V ox was assumed to be a function of time. A phenomenological time-dependent relation for oxygen consumption was introduced For t Ͻ t m :
and for t Ͼ = t m :
In Eq. ͑6͒, V ox increases as a function of time, with time constant K t , to V max ox . Above a critical time t m , the second negative term in Eq. ͑7͒ increases, with time constant K t2 , until V ox is reduced with a fraction A ox for large t. For the parameter estimation of glucose, K m glc in Eq. ͑2͒ was fixed at 0.35 mM ͓26͔. Only V glc was fitted based on a least squares criterion, using Matlab fminsearch with the model calculations in the estimation loop. For this purpose, the experimental glucose values at all time points were compared to the computed mean glucose concentration in the medium zone of the model for a given V glc . V glc was determined for LG and HG medium and for every cell concentration separately. For oxygen K m ox in Eq. ͑5͒ was set at 6 M ͓27͔. The parameters V max ox and K t in Eq. ͑6͒ and when appropriate, t m , K t2 , and A ox in Eq. ͑7͒, were fitted simultaneously, on a least squares basis, by comparing the measured and computed oxygen concentrations at the base of the well for all time points. In Eq. ͑1͒ the diffusion coefficient D medium in the medium was set at D 0 ox = 3.0ϫ 10 −5 cm 2 s −1 for oxygen ͓27,28͔, D 0 glc = 9.2 ϫ 10 −6 cm 2 s −1 for glucose ͓29,30͔ and D 0 lac = 1.4ϫ 10 −5 cm 2 s −1 for lactate ͓31͔, which represent values for water at 37°C. From these values the diffusion coefficients in the construct were estimated based on the Mackie and Meares relation:
For small molecules in agarose gel, it has been shown that the Mackie and Meares relationship is valid for n f = 0.96, but underpredicts the diffusivity at lower fluid volume fractions ͓35͔. To determine the sensitivity of the model and to assess the influence of the assumed transport parameters on the fitted uptake rates, a parameter variation study was carried out. Based on measurements, the initial glucose values were set at 5.1 and 22 mM for LG and HG medium, respectively. The agarose construct was prepared from equal volumes of LG medium containing the cells and an 8% solution of agarose in Earle's balanced salt solution ͑SIGMA, Poole, UK͒, containing 5.5 mM glucose. Therefore the initial value for glucose in the agarose zone was set at 5.3 mM ͑Fig. 1͒. The initial value for oxygen was set at 205 M in both the medium and agarose zone. For oxygen, an essential boundary condition of 205 M was applied at the well surface. In the medium zone, the initial value for lactate was set to the measured medium value of 2.3 mM. In the agarose zone the initial lactate value was set at 1.2 mM.
A finite element approach was adopted to solve Eq. ͑1͒ numerically ͓36͔. Briefly, the experimental setup can be represented by one-dimensional finite elements. For this purpose a standard Galerkin linear diffusion element was implemented in Matlab ͑version 6.5͒. The transport and source term equations were solved decoupled using second-order Strang operator splitting ͓37,38͔. For each timestep ⌬t the procedure consists of three parts: First, for all c ␤ the coupled source terms q ␤ are integrated simultaneously over 0.5⌬t. Second, diffusive transport is solved for ⌬t for each solute c ␤ separately. Third, q ␤ is integrated again for 0.5⌬t. Crank-Nicholson time integration was used for the transport term and Runge-Kutta time integration for the biokinetic source term. The number of elements used was 47. The element size was refined around the transition from medium to agarose and a time step ranging from 0.01 to 0.1 h was employed.
Results
For the case of LG medium, the glucose measurements and the computed mean medium glucose, as a function of time, are shown in Fig. 2͑a͒ , for six separate cell densities. The computed spatial distribution of glucose throughout the well is most distinct at high cell densities, therefore the results for 40ϫ 10 6 cell cm −3 are shown in Fig. 2͑b͒ , with 1 h intervals. The corresponding results for HG medium are shown in Fig. 3 . The experimental data show that for LG medium almost all glucose is consumed within 48 h for 5, 10, 20, and 40ϫ 10 6 cell cm −3 , while for HG medium some glucose remains, even at high cell densities. From the numerical results in Fig. 2͑b͒ it can be observed, that for LG medium glucose is consumed rapidly by the cells in the agarose construct and that, as glucose diffuses inwards, large gradients develop. For HG medium in Fig. 3͑b͒ the situation is somewhat different. A large difference in initial glucose between the medium and the construct exists, leading to an initial rise in the concentration within the construct, due to diffusion inwards from the surrounding medium and then, in the course of time, the glucose level reduces due to cellular uptake. The values determined for the maximum glucose uptake rate, V glc , are given in Table 1 . For LG medium the uptake rates are fairly constant over the different cell densities, while for HG large differences exist, with increasing uptake associated with the low cell densities. The experimental values and the computed lactate prediction based on a simple 2:1 ratio ͑Eq. ͑3͒͒ between lactate production and glucose uptake are shown in Figs. 4͑a͒ and 5͑a͒, for LG and HG, respectively. In general, the numerical results for the LG case correspond well to the experimental data, whereas for HG medium, lactate production is considerably overpredicted by the model. Nonetheless a small underprediction is evident in the final lactate for LG medium and 40 ϫ 10 6 cell cm −3 . For LG at low cell densities of 1.25, 2.5, and 5 ϫ 10 6 cell cm −3 , the experimental data show a decline in lactate compared to the numerical predictions, although the end value at t = 48 h is represented correctly. The computed spatial lactate distributions in Figs. 4͑b͒ and 5͑b͒ show that the lactate levels within the construct increase sharply, while lactate diffuses outwards into the surrounding medium.
The measured and numerically calculated oxygen levels at the base of the well are presented in Fig. 6͑a͒ for LG medium. The computed spatial oxygen profiles for 40ϫ 10 6 cell cm −3 are illustrated in Fig. 6͑b͒ , with 1 h intervals. Similarly for HG medium in Fig. 7 . It was observed that the oxygen level at the base of the well decreases gradually as a function of time, at a rate approximately proportional to cell concentration, until a steady state is reached. A qualitatively different behavior is displayed by the HG case at high cell concentrations of 10, 20, and 40ϫ 10 6 cell cm −3 , where at a certain point in time the oxygen concentration starts to increase again. From the computational results in Fig. 6͑b͒ it can be seen that, due to cellular uptake, a linear steady state profile develops, in which oxygen diffuses at a steady rate from the free surface of the well to the construct. Therefore a constant low oxygen level at the base of the well, in Figs. 6͑a͒ and 7͑a͒, represents a high ongoing uptake. However, it was found that a dif- Table 2 . The oxygen uptake rate per cell was found to be of the same order for most cases, although for HG at high cell densities the oxygen uptake was clearly reduced ͑Table 2, row 1-3, column 2͒. The numerical lactate predictions based on both oxygen and glucose uptake, Eq. ͑4͒, are illustrated in Fig. 8 . The results are similar to the lactate predictions based on glucose alone, as presented in Figs. 4͑a͒ and 4͑b͒ .
The effects of parameter variation on the fitting procedure for the uptake rates are summarized in Tables 3 and 4 , for glucose and oxygen, respectively. First the sensitivity of the glucose uptake rate to the precise value of the diffusion coefficient was assessed. A 50% higher ͑Table 3, row 1͒ and 50% lower ͑row 2͒ value for D 0 glc were evaluated to cover the range in literature ͓29,30,32,39,40͔. It was found that the glucose uptake rate was especially sensitive to the diffusion coefficient for LG medium at high cell concentrations ͑rows 1 and 2, column 1͒. In this case diffusion is limiting and a high uptake rate is required to overcome the transport restrictions and produce the rapid decrease in mean medium glucose found experimentally. The best fit of the experimental data was, however, obtained for the reference diffusion coefficient ͑comparison not shown͒. Since the numerical model was based on the assumption of a perfectly static medium, it was assessed to what extent the results could be affected by possible mixing of the medium. For this purpose the diffusion coefficient in the medium zone alone was increased by a factor of 10 ͑Table 3, row 3͒, resulting in a relatively flat spatial concentration profile in the medium. Again the sensitivity was the largest for LG at high cell densities ͑row 3, column 1͒ and the reference fit provided a better match for the measurements. Next the assumption on the reduction in diffusivity within the agarose construct was tested. D constr glc / D 0 glc was set at 1 ͑row 4͒ and at 0.35 ͑row 5͒, corresponding to the case in which the construct is completely absent and the case of mature cartilage respectively ͓32,41͔. Only the lower diffusivity for LG at high cell concentrations was found to affect the uptake rate significantly ͑row 5, column 1͒. The Michaelis Menten constant K m glc was varied to a lower value of 0.1 mM ͑row 6͒ and a higher value of 3.5 mM ͑row 7͒, which is ten times the reference value. The relatively low sensitivity for a lower value of K m glc ͑row 6͒ indicates that the constant uptake regime of the Michaelis-Menten relation dominated the fit in the reference situation. For a high value of K m glc the fitted V glc was affected considerably in the LG case for both cell densities ͑row 7, columns 1 and 2͒, since the glucose concentrations were within the linear Michaelis-Menten regime. From the HG results it can be seen that this influence extends up to high glucose concentrations ͑row 7, columns 3 and 4͒.
For oxygen uptake the LG case was varied alone, since HG takes place in the same concentration range. From Table 4 ͑rows 1 and 2͒ it evident that V ox at t = 48 h is directly proportional to the oxygen diffusion coefficient D 0 ox , as the results are dominated by the linear steady state concentration profile in the medium ͑Fig. 6͑b͒͒. The diffusion coefficient of oxygen within the construct was varied from the medium value ͑row 3͒ to the value for cartilage ͓4͔ ͑row 4͒ and no significant influence was revealed. In addition a constant, i.e., concentration independent, oxygen uptake was evaluated by setting K m ox to zero ͑row 5͒. Due to the low value of K m ox in the reference case, the oxygen uptake was already largely concentration independent and only a moderate effect on V ox ͑t =48 h͒ was seen for high cell concentrations ͑row 5, column 1͒, where low oxygen levels were attained.
Discussion
A combined experimental-numerical approach was adopted to characterize glucose and oxygen uptake and lactate production by bovine articular chondrocytes in a model system. It was shown that the use of low glucose compared to high glucose medium resulted in marked differences in oxygen uptake as well as glucose utilization and lactate production. These results were consistent with those of separate experiments that did not comprise a full series of measurements for all cell densities ͑data not shown͒. Basic metabolic relationships were evaluated using the computational model. The maximum glucose uptake rates of 0.65-3.1 ϫ 10 −13 mol cell −1 h −1 found in the present study, corresponded very well with the range reported in literature for chondrocytes in LG 40ϫ LG 40ϫ 10 6 cell cm −3 : % change V ox ͑t =48 h͒
LG 1.25ϫ 10 6 cell cm −3 :
general: 0.56-4.0ϫ 10 −13 mol cell −1 h −1 ͑converted using 7.7 pg DNA cell −1 ͓42͔͒ ͓9,14,20,26͔. Although when extreme values are omitted and the comparison is restricted to bovine articular chondrocytes, representative uptake values of the order of 1.0-1.4ϫ 10 −13 mol cell −1 h −1 determined in the current study, are twice as high as the values of 0.557 and 0.612 ϫ 10 −13 mol cell −1 h −1 reported previously ͓14,26͔. This may be related to differences in serum content. Depending on the cell source and culture conditions a wide range of oxygen uptake rates have been found in earlier studies: 7.2ϫ 10 −16 -1 ϫ 10 −13 mol cell −1 h −1 ͓4,9,10,20,21,27,43,44͔. The oxygen uptake rates in the range of 1.7-9.8ϫ 10 −15 mol cell −1 h −1 , determined in the present study, are of the same order as the value of 6.70ϫ 10 −15 mol cell −1 h −1 found for bovine articular chondrocytes in three-dimensional ͑3D͒ culture ͓43͔. Notably the low cell densities showed a close correspondence.
Averaged over all cell densities, the mean experimental molar ratios of lactate produced to glucose consumed were 2.1 and 1.4 for LG and HG medium, respectively, based on the total initial solute content and assuming the end concentrations in medium and agarose to be approximately equal. However, from model calculations it is clear that this is only valid under the steady conditions that occur when glucose is depleted at high cell densities ͑Figs. 2-5͑b͒. Therefore the model was used to predict lactate under unsteady conditions: As a first assumption, the lactate production was predicted on the basis of the metabolic mass balance Eq. ͑3͒, with only glucose as input. For LG medium, it was found that the experimental lactate data could be adequately represented over a wide range of cell densities. By contrast, for HG medium lactate predictions based on the experimental glucose uptake led to a considerable overestimation, which increased in time as a result of a mismatch in lactate production rate ͑Fig. 5͒. As a second assumption, the oxygen uptake was used as an additional input for the prediction of lactate, via the extended metabolic mass balance Eq. ͑4͒. With respect to the model system, it was shown that no significant differences in lactate prediction occurred whether or not oxygen was taken into account, since the oxygen uptake rate was an order of magnitude lower than the rate of glucose uptake. Therefore, the aerobic consumption of glucose could not account for the low lactate to glucose ratio in the HG case. The glucose missing from the carbon balance could indicate a role for intermediate metabolites, for example glucose-6-phosphate and pyruvate, which were not included in the model. In addition glucose can be stored in the form of glycogen and used for the synthesis of extracellular matrix components ͓8͔. In other studies lactate to glucose ratios varying from 1.3 to 3.9 have been found, depending on the involvement of either oxygen or glycogen supplies, respectively ͓14,16͔. For the cell concentrations employed in the current study, diffusion restrictions in the experimental setup did not fully limit oxygen uptake. Nonetheless, low oxygen levels were reached, which may invoke metabolic regulation mechanisms such as a ͑negative͒ Pasteur effect ͓8,11,14,16,19,20,22͔ . The glucose and lactate measurements in the present study did not present clear indications regarding the involvement of such mechanisms. Simple Michaelis-Menten kinetics could be used to represent the experimental glucose levels. However, more complex relationships may need to be introduced to represent cellular uptake for all cell densities simultaneously. For example, the relatively low estimated glucose uptake rate per cell for HG medium at high cell densities ͑Table 1, column 2͒, may be related to a lower pH due to higher lactate levels. In addition, the lactate prediction for HG medium ͑Fig. 5͒ would have been improved by introducing a product-inhibited relationship for lactate in Eq. ͑3͒.
In order to understand the oxygen uptake behavior, a phenomenological approach as employed in the present study is of limited value. Therefore, more mechanistic relationships need to be established, possibly by including a partial regulation by lactate and/or glucose. For both LG and HG, a definite upregulation of cellular oxygen uptake as a function of culture time was demonstrated. Remarkably, in the case of HG medium the oxygen uptake was shown to decrease again after a certain point in time. In the model the initial upregulation of the oxygen uptake was represented by a phenomenological time dependent relation Eq. ͑6͒. The mechanism behind this increase in oxygen uptake is unknown and could represent an internal cellular mechanism, such as a gradual adaptation to the culture environment after being isolated from the joint. A direct regulation by an external solute concentration, such as glucose or lactate, seems less likely. With respect to glucose, the oxygen levels for LG and HG medium coincide exactly in the initial phase ͑0-12 h͒, independent of the glucose level. It can also be seen that the decrease in oxygen concentration with time is roughly linearly proportional to cell density ͑Fig. 6͑a͒͒, while if the increase in oxygen uptake was regulated by increasing lactate one would expect a quadratic dependency, since in a first order approximation both the lactate production and oxygen uptake would be linearly proportional with cell density. On the other hand, lactate may provide a mechanistic explanation for the sudden drop in oxygen uptake for HG medium. High lactate levels are reached in the HG case at high cell densities. Although it has been observed that at high lactate concentrations chondrocytes can utilize lactate ͓23͔, which would be associated with an increased oxygen uptake, it has also been shown that lactate inhibits proteoglycan synthesis ͓12͔, which can potentially decrease the demand for oxygen ͓9,14͔. The latter mechanism is not likely however, since measured end point GAG quantities show greater than two times higher GAG content in constructs maintained in HG medium compared to LG medium ͓24͔. Lactate accumulation can also be related to reduced viability ͓15͔, resulting in a decrease in overall oxygen uptake, although this was not considered appropriate during the limited time period of the present experiment. Apart from this, the glucose concentration may directly affect the oxygen uptake, as the highest oxygen uptake rates were found for LG compared to HG medium. Therefore, in response to a glucose shortage, the available glucose or glycogen supplies may be used more efficiently by upregulating oxygen consumption, given the much higher energy yield from aerobic, compared to anaerobic, metabolism. For porcine articular cartilage it has been shown that the oxygen uptake was up to 2.35 times higher for zero compared to higher initial glucose values ͓23͔. Although in the current study the time point, at which the oxygen consumption for the LG and HG case start to deviate, corresponds roughly to the depletion of glucose in the LG case, this effect can provide only a partial explanation, since it does not fully explain the behavior in the HG case.
With respect to the model, an important assumption was that the medium was considered to be completely static and transport was considered to be governed solely by diffusion. From the parameter variation it is clear that disturbances causing mixing can affect the estimated uptake values for high cell densities, but not those for low cell densities, where uptake is slow compared to diffusion and no transport restrictions apply. For LG and high cell densities, however, assuming a further homogenization of the medium concentration resulted in a poor fit of the experimental data, indicating that a model based on a well-mixed bulk medium would not have been appropriate. Another issue that can affect the accuracy of the estimated uptake rates are the initial conditions in the construct adopted in the model. Cellular uptake during preparation may have lowered the initial glucose levels in the construct. With respect to the estimated uptake rates it is also important to note that, especially for low cell densities, the measurement variability can be relatively large with respect to the measured differences. In principle, computed concentration profiles can also be affected by an inhomogeneous cell distribution. The cell distribution in the agarose construct is considered to be homogeneous, however, as a result of the hydrogel preparation from a cell sus-pension. In addition, based on the relatively slow proliferation rate of chondrocytes, the cell density was considered to be constant within the time span of the current study ͓45͔.
The experimental setup employed in the current study enables the screening of large numbers of samples, under 3D culture conditions representative of tissue engineering. In addition, oxygen within the construct can be monitored noninvasively in a straightforward manner. The relatively simple experimental model system can therefore represent a valuable addition to studies using full scale bioreactors, involving a more complicated geometry, fluid dynamic, and mechanical loading conditions, which generally can not be operated in large numbers. Numerical modeling is an essential part of the approach and has been found to be valuable in the interpretation of measurements under inhomogeneous, time varying conditions. The key benefit of the numerical approach is that spatial concentration profiles can be estimated that are not easily available experimentally. Indispensable for this approach, however, is that diffusion coefficients need to be determined accurately. In order to form a real asset for tissue engineering, the eventual goal of computational modeling is to quantitatively correlate culture parameters to the synthesis of functionally important matrix components such as proteoglycans and collagen. The numerical model enables a rapid assessment of various hypotheses on chondrocyte behavior for consistency with the experimental data, in a quantitative manner. Furthermore relationships established in the model system can be used to predict the situation in bioreactors, as the finite element approach adopted in the current study can be readily extended to multiple dimensions and arbitrary geometry. For this purpose, the present study has to be extended further to determine cellular behavior on the longer time scales associated with tissue engineering applications.
